Introduction

I
n recent years, the development of organic receptor molecules capable of selectively binding alkali ion has elicited wide interest in both chemical and biological fields. The exquisite selectivity and sensitivity of potassium (K + ) channels are crucial for physiological functions [1, 2] . The performance of these channels, able to select K + over Na + by a factor of 10 4 , depends on the energetic balance between the alkali ion desolvation and its coordination to the peptide backbone oxygens in the narrow pore region [3] [4] [5] . Such an energy compensation has been actually taken as a guideline for developing abiotic receptors highly selective towards alkali cations. In particular, crown ethers were considered. For instance, 18-crown-6 was found to bind preferentially K + over the other alkali ions in aqueous solution [6, 7] . However, this behavior was not replicated in the gas phase [8] [9] [10] . Mass spectrometric [11] [12] [13] and computational [14] studies showed that ion microhydration is crucial for reconciling the solution and gasphase selectivities.
In this frame, the discovery of a new class of abiotic receptors capable of selectively fishing trace amounts of K + out from other alkali cations would be desirable [15] . Interest may grow up if these receptors can work also in the gas phase under conditions, such as electrospray ionization mass spectrometry (ESI-MS), suitable for rapid-screening analyses. Recent studies showed that chiral polyazamacrocyles, like M (Figure 1 ), are able to bind efficiently metal ions [16] [17] [18] [19] [20] as well as carboxylic acids [21] and their conjugate bases in different solvents [22] [23] [24] [25] . In the course of a comprehensive study on their diastereosectivity in the gas phase, our attention was drawn by the rather unexpected observation of uncommon K + versus Na + selectivity of receptor M discussed in the present paper.
Experimental
Materials
Ultrapure methanol (≥99.9%), NaNO 3 , and KNO 3 were purchased from a commercial source. The racemate of the hexaazamacrocycle M was synthesized and purified according to our modifications of the procedures reported in the literature [17, 24, 26] (see Supplementary Scheme S1). Each step of the reaction sequence was monitored by thin-layer chromatography and HPLC-ESI-mass spectrometry. Chromatographic purifications were carried out through flash-chromatography on 
Mass Spectrometry
The ESI-MS experiments were carried out in an Applied Biosystems Linear Ion Trap (LIT) API 2000 mass spectrometer (Applied Biosystems, Foster City, CA 94404 USA) equipped with an ESI source and a syringe pump. Operating conditions of the ESI source are as follows: ion spray voltage=+5.5 kV; curtain gas=20 psi; nebulizer gas=20 psi; entrance potential=+10 V; declustering potential=+60 V; capillary temperature=150°C. Methanol and water/methanol solutions were infused via a syringe pump at a flow rate of 3 μL min 2+ ions were submitted to collisional induced dissociation (collision energies employed up to 40 eV, lab frame) using N 2 gas into the trap (nominal pressure into the trap, 4.0×10 −5 Torr). High resolving power spectra have been obtained using a Bruker BioApex Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker, Billerica, MA,USA) equipped with an Apollo I electrospray ionization (ESI) source, a 4.7 T superconducting magnet, and a cylindrical infinity cell. Operating conditions of the ESI source were as follows: ion spray voltage=+4.0 kV; nebulizer gas (N 2 )=15 psi; drying gas (N 2 )=5 psi; end plate=+4.0 kV; capillary exit 100 V; dry temperature=200°C. 2+ and ions have been carried on using classic molecular dynamics (MD) simulations based on Amber [27] force field. According to the procedure exploited by Vaden et al. [28] , a simulated annealing approach was performed in order to investigate the conformational space. The minimum energy conformers found by MD have been optimized at quantum mechanics level. For optimized geometries and frequencies calculations we have used Density Functional Theory approach using B3LYP [29] exchange-correlation functional and the 6-31G* basis set. We employed the Orca [30] package with a SCF convergence criteria set as TightSCF (energy change 1e-08; max density change 1e-07; rms-density change 1e-09) and a high precision for the integration grids. Geometry optimizations were carried out without any constraint. Concerning the
Computational Details
2+ ions, because of the inadequacy of classical simulated annealing, ab initio molecular dynamics simulations (AIMD) were carried out in order to investigate the conformational space. The AIMD were carried out using Terachem package [31] , and the trajectory was evolved according to the Born-Oppenheimer scheme [32] . The electronic structure of the system was treated at the DFT level of theory with the BLYP exchange-correlation functional [33] and 6-31G* basis set. Dynamic simulations were performed for 10 ps and at different temperature (500 and 700 K) controlled via a NoseHoover thermostat [34, 35] . Some snapshots of trajectory are extracted and optimized at B3LYP/6-31G* level of theory to sample the local conformational space. [24] .
Results and Discussion
It should be stressed again that no alkali ions were purposely introduced in the M methanolic solutions before ESI-MS analysis. Nevertheless, in the ESI nanodroplet, protonated M seems to be able to bind K + ions 20 times more efficiently than the Na + one. This means that since the level of sodium ions in ultrapure methanol (≥99.9%) does not exceed 1 ppm, the azamacrocyle M is able to detect K + ions at ppb levels. With the aim of further substantiating this conclusion, several calibrated KNO 3 /NaNO 3 methanolic solutions have been prepared and submitted to ESI-MS analyses under the same experimental conditions. The results, summarized in Figure 3, 2+ dication (Supplementary Figure S4 ) with the IV 1,17 one as the most stable at 298 K [17, 24] . Structures V 1 (Supplementary Figure S5) and VI 1 (Supplementary Figure S6) (Figures 2 and 3 , strongly suggests that in the ESI nanodroplets the alkali cation addition to M (or to
is not reversible and that equilibration between the relative adducts does not take place. Therefore, the ion pattern of Figure 3 is thought to respond to the kinetics of the process taking place in the ESI nanodroplets. Along this line, the only plausible rationale for the spectacular K + versus Na
can be found in the corresponding activation free energy barriers reflecting the desolvation of the alkali ion while coordinating to the receptor (i.e., the same factors accounting for the exceptional K + over Na + selectivity of biotic potassium channels [3] [4] [5] . Table 2 compares the absolute 298 K free energy (ΔG solv ) values of Na + and K + in water and methanol, calculated using cluster continuum quasichemical theory of solvation [38, 39] . The listed values indicate that the Na + desolvation free energy is 73 (methanol) or 84 kJ mol −1 (water) larger than that of K + . Moreover, the desolvation free energy of both ions in methanol is ca. 41-52 kJ mol −1 lower than in water. In the same Table, the 298 K binding free energies (ΔG M ) for the addition of alkali cations to neutral M are given. Comparison of the ΔG M values with the corresponding ΔG solv reveals that the alkali ion desolvation from methanol or water can be fully counterbalanced by the interaction energy with M.
As shown in Supplementary Figure S3 , the Na + cation is placed inside the receptor cavity, whereas the K + ion resides above it and, therefore, the reorganization of the 2+ ion is essentially attributed to the comparatively low free energy barrier for the structural reorganization of the protonated receptor around the desolvating K + ion. The extremely high sensitivity and selectivity of the [M•H] + ion for K + ions compares well with the performance of biotic K + channels.
